INTRODUCTION {#s1}
============

Liver X receptor (LXR) belongs to a subgroup of ligand-activated nuclear receptor superfamily \[[@R1]\]. LXR contain two isoforms, LXRα (also known as NR1H3) and LXRβ (also known as NR1H2) \[[@R2]\]. The expression profile of LXR isoforms in human organs are quite different, LXRα is highly expressed in the liver, intestine, kidney and adipose tissues whereas LXRβ is ubiquitously expressed in almost all tissues at a low concentration \[[@R3]\]. In most circumstances, LXR binds with retinoic X receptor (RXR) to form heterodimer after activation, and then the heterodimer LXR/RXR binds to specific DNA sequences called LXR response elements (LXRE) and regulates gene expression \[[@R3]\]. Oxysterols, mono-oxygenated derivatives of cholesterol, are a potential endogenous agonists for LXR, whereas TO90137 and GW3965 are exogenous synthetic agonists commonly used in experimental studies. Previous reports have shown that LXR plays an important role in the regulation of lipid metabolism as it can promote the expression of key genes (*SREBP-1c*, *ChREBP*, *FASN* et al) critical for hepatic lipogenesis \[[@R4]\]. In addition, LXR activation can reduce the body load of cholesterol through upregulating important genes (*ABCA1*, *ABCG1*, *ABCG5* and *ABCG8*) involved in reverse cholesterol transport \[[@R5]\]. Interestingly, recent studies have demonstrated that LXR has an anti-neoplastic function in various human cancers such as prostate cancer \[[@R6]\], breast cancer \[[@R7]\], ovarian carcinoma \[[@R8]\], skin cancer \[[@R9]\], colon cancer \[[@R10]\], and HCC \[[@R11]\]. However, the molecular mechanisms by which LXR exerts its anti-cancer effects are still not that clear, which needs to be explored urgently.

SOCS3 is one of the SOCS family members containing eight proteins (SOCS1-7 and CISH) \[[@R12]\]. All members of SOCS family share the same structure, a variable N-terminal region, a central Src homology 2 (SH2) domain and a conserved C-terminal region called SOCS box. SOCS proteins can suppress the JAK/STAT signaling pathway through the following three mechanisms: (1) SOCS1 and SOCS3 inhibit the activity of JAKs through kinase inhibitory region (KIR) which acts as a pseudo-substrate \[[@R13]\]. (2) SOCS proteins can compete for the receptor (JAKs) motifs that are essential for the phosphorylation of STATs through SH2 domain \[[@R14]\]. (3) SOCS proteins can mediate the ubiquitination of their substrates through the SOCS box, leading to the degradation of the substrates via proteasome-dependent pathway \[[@R15]\]. Among the SOCS family members, SOCS3 and SOCS1 are the most extensively studied. Previous reports have shown that SOCS3 regulates numerous biological and pathological processes such as inflammation \[[@R16]\], immunity \[[@R17]\], diabetes \[[@R18]\], angiogenesis \[[@R19]\] and development \[[@R20]\]. Recently, more and more studies focus on the anti-cancer effect of SOCS3 \[[@R21]\]. It has been reported that SOCS3 has the potential of anti-tumor in many human cancers such as breast cancer \[[@R22]\], ovarian cancer \[[@R23]\] and HCC \[[@R24]\]. However, it is still unknown whether the anti-HCC effect of SOCS3 could be regulated by LXR.

In this study, we demonstrated that activation of LXR induced the expression of SOCS3, leading to the downregulation of cyclin D1 and upregulation of p21 and p27, which contributed to the cell cycle arrest at G1/S phase and growth inhibition of HCC cells. Moreover, we found that LXR agonist inhibited the growth of HCC xenografts and enhanced SOCS3 expression *in vivo*. These results indicate that "LXRα-SOCS3-cyclin D1/p21/p27" is a novel pathway by which LXR exerts its anti-HCC effects, suggesting that the pathway may be a new potential therapeutic target for HCC treatment.

RESULTS {#s2}
=======

The expression of SOCS3 is downregulated in HCC tissues and cells {#s2_1}
-----------------------------------------------------------------

To determine the expression profile of SOCS3 in HCC tissues, 30-paired HCC and the corresponding adjacent normal tissues were utilized. As shown in Figure [1A](#F1){ref-type="fig"}, the mRNA level of SOCS3 was remarkably decreased in HCC tissues compared to the corresponding non-tumorous tissues. Immunohistochemistry (IHC) revealed that the level of SOCS3 protein was also dramatically downregulated in HCC tissues (Figure [1B](#F1){ref-type="fig"}). Moreover, we found that the levels of SOCS3 mRNA (Figure [1C](#F1){ref-type="fig"}) and protein (Figure [1D](#F1){ref-type="fig"}) were notably decreased in five HCC cell lines (HepG2, Hep3B, Huh7, PLC and smmc7721) compared to the relatively normal cell line L02. These results indicated that the expression of SOCS3 was significantly downregulated in HCC tissues and cells.

![The expression of SOCS3 is down-regulated in HCC tissues and cells\
**(A)** qPCR analysis of SOCS3 mRNA in 30 HCC tissues and the corresponding adjacent normal tissues, taking β-actin mRNA as an endogenous control. **(B)** Immunohistochemistry analysis of SOCS3 protein in formalin-fixed paraffin-embedded clinical HCC tissues and the corresponding adjacent normal tissues, and the representative images were shown. **(C, D)** The expression profiles of SOCS3 mRNA and protein were separately examined by qPCR **(C)** and Western blot **(D)** in 5 HCC cell lines and relatively normal hepatic cell line L02. \*\*\**P* \< 0.001.](oncotarget-08-64083-g001){#F1}

LXR agonists elevate the mRNA level of SOCS3 in HCC cells {#s2_2}
---------------------------------------------------------

To investigate whether LXR was involved in the induction of SOCS3 mRNA in HCC cells, quantitative PCR (qPCR) was performed after treatment with LXR agonists in HepG2 and Hep3B cells. ABCA1, a well-known target gene of LXR \[[@R25]\], was taken as a positive control in the experiments. As shown Figure [2](#F2){ref-type="fig"}, LXR agonists (GW3965 and TO901317) markedly increased the mRNA levels of ABCA1 (Figure [2A](#F2){ref-type="fig"} and [2C](#F2){ref-type="fig"}) and SOCS3 (Figure [2B](#F2){ref-type="fig"} and [2D](#F2){ref-type="fig"}) in a dose-dependent manner in both HepG2 cells (Figure [2A](#F2){ref-type="fig"} and [2B](#F2){ref-type="fig"}) and Hep3B cells (Figure [2C](#F2){ref-type="fig"} and [2D](#F2){ref-type="fig"}). These results proved that LXR agonists elevated the mRNA level of SOCS3 in HCC cells.

![LXR agonists elevate the mRNA level of SOCS3 in HCC cells\
HepG2 and Hep3B cells were cultured in complete medium for 12h and then treated with DMSO (control) or different concentrations (1μM and 5μM) of LXR agonists (GW3965 and TO901317) for 24h. Then the mRNA levels of ABCA1 **(A, C)** and SOCS3 **(B, D)** cells were determined by qPCR, taking β-actin mRNA as an endogenous control. \*\**P* \< 0.01; \*\*\**P* \< 0.001.](oncotarget-08-64083-g002){#F2}

LXR agonists upregulate SOCS3 protein via activating LXRα {#s2_3}
---------------------------------------------------------

To clarify whether the protein level of SOCS3 could be elevated by LXR agonists in HCC cells, Western blot was performed. As shown in Figure [3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}, the LXR agonists GW3965 and TO901317 dose-dependently upregulated SOCS3 protein in HepG2 (Figure [3A](#F3){ref-type="fig"}) and Hep3B (Figure [3B](#F3){ref-type="fig"}) cells. As LXR has two isoforms (LXRα and LXRβ), we investigated which isoform is involved in the LXR-mediated induction of SOCS3 using small-interference RNA targeting LXRα and LXRβ respectively. As shown in Figure [3C](#F3){ref-type="fig"} and [3D](#F3){ref-type="fig"}, knockdown of LXRα remarkably attenuated GW3965- and TO901317-mediated induction of SOCS3 in HepG2 cells. However, knockdown of LXRβ had no significant influence on GW3965- and TO901317-mediated SOCS3 induction. Collectively, these results indicated that LXR agonists increased the expression of SOCS3 through activating LXRα but not LXRβ.

![LXR agonists upregulate SOCS3 protein via activating LXRα\
**(A, B)** After cultured in complete medium for 12 h, HepG2 **(A)** and Hep3B **(B)** cells were treated with DMSO or the indicated concentrations of LXR agonists (GW3965 and TO901317) for 24 h. Then the level of SOCS3 protein were assayed by Western blot. **(C, D)** After transiently transfected with the siRNA for LXRα or LXRβ (si-LXRα or si-LXRβ) or negative control siRNA (si-NC) for 12 h, HepG2 cells were treated with DMSO or the indicated concentrations of GW3965 **(C)** or TO901317 **(D)** for 24 h. Then the level of SOCS3 protein was determined by Western blot.](oncotarget-08-64083-g003){#F3}

Activation of LXR enhances the stability of SOCS3 mRNA {#s2_4}
------------------------------------------------------

To explore the underlying mechanism by which LXR induces SOCS3, the potential LXREs in *SOCS3* gene promoter region were predicted using online analysis (<http://www.nubiscan.unibas.ch/>), and the putative LXREs were shown in Figure [4A](#F4){ref-type="fig"}. Subsequently, *SOCS3* promoter region (−3000 to +28) was cloned into pGL3-basic vector, and the resulting recombinant plasmid was named pGL3-SOCS3. Previous study has demonstrated that FXR activation enhances the activity of *SOCS3* gene promoter \[[@R26]\], so the activity of *SOCS3* gene promoter in response to LXR agonist was examined with dual luciferase reporter assay, taking the FXR agonist GW4064 as a positive control. As shown in Figure [4B](#F4){ref-type="fig"} and [4C](#F4){ref-type="fig"}, GW4064 dramatically increased the activity of *SOCS3* gene promoter, whereas the LXR agonist TO901317 showed no significant influence on the activity of *SOCS3* gene promoter, indicating that LXR upregulated SOCS3 mRNA not via enhancing its transcription. Subsequently, we investigated whether LXR agonist could regulate the stability of SOCS3 mRNA. As shown in Figure [4D](#F4){ref-type="fig"}, TO901317 markedly increased the mRNA stability of SOCS3. Additionally, the protein stability of SOCS3 was measured using translation inhibitor cycloheximide (CHX). As shown in Figure [4E](#F4){ref-type="fig"} and [4F](#F4){ref-type="fig"}, TO901317 could not change the degradation rate of SOCS3, indicating that TO901317 had no significant influence on the protein stability of SOCS3. Taken together, these data indicated that activation of LXR upregulated SOCS3 through enhancing its mRNA stability.

![Activation of LXR enhances the stability of SOCS3 mRNA\
**(A)** The potential LXREs in human *SOCS3* gene promoter region were predicted using bioinformatic analysis (<http://www.nubiscan.unibas.ch/>). **(B, C)** After transiently transfected with pRL-TK and pGL3-SOCS3 (or the control pGL3-basic) for 12 h, HepG2 cells were treated with 2 μM GW4064 or 5 μM TO901317 (or DMSO) for 18 h. Then the luciferase activity of *SOCS3* gene promoter region was detected by dual luciferase reporter assay system. Data represent the mean ± SD of triplicate experiments. **(D)** After treated with DMSO or TO90137 (5 μM) for 12 h, HepG2 cells were incubated with actinomycin D (Act D, 10 μg/ml) for the indicated times. Then the mRNA level of SOCS3 was examined by qPCR. **(E)** HepG2 cells were treated with TO901317 (5 μM) for 12 h, followed by the incubation with 50 μg/ml cycloheximide (CHX) for the indicated times. Then the level of SOCS3 protein was assayed by Western blot. **(F)** The quantitative analysis of the Western blot results in **(E)** using quantity-one software. The relative value of SOCS3 protein level was normalized by the control tubulin. \**P* \< 0.05; \*\**P* \< 0.01; ns: no significance.](oncotarget-08-64083-g004){#F4}

LXR activation decreases cyclin D1 and increases p21 and p27 via inducing SOCS3 {#s2_5}
-------------------------------------------------------------------------------

Previous studies have reported that activation of LXR inhibits the proliferation of cancer cells through repressing cyclin D1 and increasing p21 and p27 \[[@R11], [@R27]\]. Therefore, the levels of cyclin D1, p21 and p27 in HCC cells were measured after treatment with LXR agonist. As shown in Figure [5A](#F5){ref-type="fig"} and [5B](#F5){ref-type="fig"}, activation of LXR by TO901317 significantly decreased cyclin D1, while increased p21 and p27 in HepG2 (Figure [5A](#F5){ref-type="fig"}) and Hep3B (Figure [5B](#F5){ref-type="fig"}) cells, which was dramatically attenuated by knockdown of SOCS3 (Figure [5C](#F5){ref-type="fig"} and [5D](#F5){ref-type="fig"}), indicating that LXR upregulated cyclin D1 while downregulated p21 and p27 via inducing SOCS3.

![LXR activation decreases cyclin D1 and increases p21 and p27 via inducing SOCS3\
**(A, B)** After cultured in complete medium for 12 h, HepG2 **(A)** and Hep3B **(B)** cells were treated with DMSO or different concentrations (1 μM and 5μM) of LXR agonist TO901317 for 24 h. Then the level of SOCS3 protein was measured by Western blot. **(C, D)** After transiently transfected with SOCS3 siRNA (si-SOCS3) or negative control siRNA (si-NC) for 12 h, HepG2 **(C)** and Hep3B **(D)** cells were treated with DMSO or TO901317 (5 μM) for 24 h. Then the protein levels of SOCS3, cyclinD1, p21 and p27 were assayed by Western blot.](oncotarget-08-64083-g005){#F5}

Knockdown of SOCS3 attenuates LXR-induced G1/S cell cycle arrest and anti-proliferation effects {#s2_6}
-----------------------------------------------------------------------------------------------

It has been reported that LXR agonists suppress the proliferation of HCC cells \[[@R11]\], so the cell viability and cell cycle of HCC cells were measured by CCK8 and flow cytometry respectively after treatment with TO901317. As shown in Figure [6A](#F6){ref-type="fig"}, activation of LXR by TO901317 dose-dependently inhibited the growth of HepG2 cells, which was markedly attenuated by knockdown of SOCS3 (Figure [6D](#F6){ref-type="fig"}). Moreover, flow cytometry showed that TO901317 led to the cell cycle arrest at G1/S phase (Figure [6B](#F6){ref-type="fig"} and [6C](#F6){ref-type="fig"}), which was dramatically alleviated by knockdown of SOCS3 (Figure [6E](#F6){ref-type="fig"} and [6F](#F6){ref-type="fig"}). Collectively, these results indicated that LXR induced G1/S cell cycle arrest and repressed HCC cell growth via elevating SOCS3.

![Knockdown of SOCS3 attenuates LXR-induced G1/S cell cycle arrest and anti-proliferation effects\
**(A)** After cultured in 96-well plates for 12 h, HepG2 cells were treated with DMSO or different concentrations of TO901317 for 48 h. Then the cell viability was determined by CCK-8 assay. **(B, C)** After cultured in 6-well plates for 12 h, HepG2 cells were treated with DMSO or TO901317 (5 μM) for 48 h. Then the cells were stained with PI, and the cell cycle was analyzed using flow cytometry **(B)**. The percentage of cells in each cell cycle phase was quantifed **(C)**. **(D)** After grown to 80% confluence in 96-well plates, HepG2 cells were transiently transfected with SOCS3 siRNA (si-SOCS3) or negative control siRNA (si-NC) for 12 h. Then the cells were treated with DMSO or TO901317 (5 μM) for the indicated times. Subsequently, the cell viability was detected using CCK-8 assay. **(E, F)** After grown to 80% confluence in 6-well plates, HepG2 cells were transiently transfected with si-SOCS3 or si-NC for 12 h, and then treated with DMSO or TO901317 (5 μM) for 48 h. Next, the cells were stained with PI, and the cell cycle was analyzed using flow cytometry **(E)**. The percentage of cells in each cell cycle phase was quantifed **(F)**. \*\**P* \< 0.01; \*\*\**P* \< 0.001.](oncotarget-08-64083-g006){#F6}

LXR agonist suppresses the growth of HCC xenografts and enhances SOCS3 expression *in vivo* {#s2_7}
-------------------------------------------------------------------------------------------

As shown in Figure [7A-7C](#F7){ref-type="fig"}, treatment with LXR agonist TO901317 markedly inhibited the growth of HCC xenografts in nude mice. qPCR (Figure [7D](#F7){ref-type="fig"}), Western blot (Figure [7E](#F7){ref-type="fig"}) and IHC (Figure [7F](#F7){ref-type="fig"}) revealed that the mRNA and protein levels of SOCS3 were notably upregulated by TO901317 in the HCC xenografts. Moreover, TO901317 dramatically decreased cylcin D1, while significantly increased p21 and p27 in the HCC xenografts (Figure [7E](#F7){ref-type="fig"}). Collectively, these results indicated that activation of LXR induced SOCS3 and repressed the growth of HCC *in vivo*.

![LXR agonist suppresses the growth of HCC xenografts and enhances SOCS3 expression *in vivo*\
1×10^6^ HepG2 cells were implanted into the left axilla of each 4-weeks old male nude mouse. When palpable tumors were formed, TO901317 (25 mg/kg/d) or vehicle (soyabean oil) was injected into enterocoelia of the nude mice every day for 2 weeks (n=5 per group). Then the mice were sacrificed **(A)** and the xenograft tumors were excised and photographed **(B)**. Subsequently, the xenograft tumor size was measured and analyzed **(C)**. The level of SOCS3 mRNA in the HCC xenografts was determined by qPCR **(D)**, and the protein levels of SOCS3, cyclin D1, p21 and p27 were detected by Western blot **(E)**. **(F)** Immunohistochemistry analysis of SOCS3 protein in the HCC xenografts. \**P* \< 0.05; \*\*\**P* \< 0.001.](oncotarget-08-64083-g007){#F7}

DISCUSSION {#s3}
==========

HCC is the second leading cause of cancer-related death in the world \[[@R28], [@R29]\]. Many tumor suppressor genes are silenced during the development and progression of HCC, and reactivation/restoration of these cancer suppressor genes has shown a promising therapeutic strategy for HCC prevention and treatment \[[@R30]--[@R32]\]. In this study, we found that SOCS3 (a tumor suppressor molecule) was significantly downregulated in HCC. Re-expression of SOCS3 by LXR agonists led to cell cycle arrest through increasing p21 and p27 and decreasing cyclin D1, which resulted in the growth inhibition of HCC cells.

SOCS3, as a tumor suppressor, has been reported to be silenced in several human cancers including HCC \[[@R33], [@R34]\]. Previous studies have demonstrated that the methylation of *SOCS3* gene promoter region leads to its downregulation in HCC, and re-expression of SOCS3 results in apoptosis and cell cycle arrest \[[@R35]--[@R37]\]. In this study, we showed that the expression of SOCS3 in HCC tissues was dramatically decreased, which was in line with the previous report \[[@R26]\]. Moreover, we observed that the level of SOCS3 was also downregulated in five HCC cell lines compared to the relatively normal cell line L02. Interestingly, the level of SOCS3 in Huh7 cells was relatively higher compared to other HCC cell lines. The reason for the high level of SOCS3 in Huh7 cells may be attributed to the various methylation status of *SOCS3* gene promoter region in different HCC cell lines \[[@R35]\]. Among the examined five HCC cell lines, HepG2 and Hep3B cells showed the lowest level of SOCS3, so we chose these two cell lines to investigate the LXR-mediated upregulation of SOCS3 in this study. It has been reported that several nuclear receptors including FXR \[[@R26]\], ERα \[[@R38]\], PPARβ/γ \[[@R39], [@R40]\], participates in regulating SOCS3. However, it is still unknown whether the nuclear receptor LXR can exert its anti-HCC effects via elevating SOCS3 even though previous studies have shown that LXR suppresses the growth of HCC cells via regulating its downstream target genes such as FOXM1 \[[@R11]\] and ABCA1 \[[@R41]\]. In this study, we demonstrated that upregulation of SOCS3 is a novel mechanism by which LXR inhibits the proliferation of HCC cells. Furthermore, we proved that the cell cycle related proteins (cyclin D1, p21 and p27) are influenced by the LXR-induced SOCS3. Nevertheless, the detailed mechanism(s) by which SOCS3 regulates the levels of cyclin D1, p21 and p27 need(s) to be further studied.

In the present study, we for the first time revealed that LXR activation elevated the level of SOCS3 in HCC cells. Mechanistically, activation of LXR enhanced the mRNA stability of SOCS3 but had no significant influence on the transcriptional activity of *SOCS3* gene promoter. However, it should be noted that we only cloned *SOCS3* promoter region harboring the sequence −3000 to +28, so it remains to be further investigated whether LXR could regulate the transcriptional activity of the longer *SOCS3* promoter region beyond −3000 to +28. Interestingly, we found that activation of LXR could stabilize the SOCS3 mRNA. A previous report has shown that MEK1 and Erk1/2 can mediate the stabilization of SOCS3 transcript in primary human and murine hepatocytes \[[@R42]\]. In addition, TNF-alpha has been reported to enhance the mRNA stability of SOCS3 via MKK6/p38/MK2 cascade \[[@R43]\]. However, whether MEK1-Erk1/2 and MKK6/p38/MK2 are involved in the LXR-mediated stability of SOCS3 mRNA needs to be further explored.

LXRα and LXRβ, two isoforms of LXR, have been reported to repress the proliferation of cancer cells \[[@R44]\]. However, in this study, only LXRα was demonstrated to affect the level of SOCS3, indicating that the LXRα-mediated induction of SOCS3 is responsible for the anti-HCC effects of LXR agonists even though LXRβ has the function of anti-cancer \[[@R45]\]. As LXR participates in the reverse cholesterol transport \[[@R46], [@R47]\], LXR agonists have received accumulating attention for their benefits in correcting metabolic disorders characterized by cholesterol accumulation. Recently, the anti-cancer property of LXR becomes a hot area because mounting studies have proved that LXR agonists hold the new function of anti-proliferation in various cancer cells \[[@R48]\]. However, it needs to be noted that LXR agonists have some side-effects such as promoting hepatic lipogenesis \[[@R49], [@R50]\]. Therefore, it is urgent to identify and develop novel LXR ligands specifically for cancer therapy to minimize or bypass any potential side effects including hepatotoxicity. In summary, this study indicates that "LXRα-SOCS3-cyclin D1/p21/p27" is a novel pathway by which LXR exerts its anti-HCC effects, suggesting that the pathway may be a new potential therapeutic target for HCC treatment/prevention.

MATERIALS AND METHODS {#s4}
=====================

Materials {#s4_1}
---------

GW3965, TO901317, GW4064 and dimethylsulphoxide (DMSO) were purchased from Sigma-Aldrich (St Louis, MO, USA). Actinomycin D (Act D) and cycloheximide (CHX) were from Xiya Reagent (Chengdu, china). Lipofectamin 2000, Optim-medium, M-MLV, Oligo dT, dNTPs and DTT were from Invitrogen (Carlsbad, CA, USA). RNA Out was from TIANDZ (Beijing, China). SYBR Green Mix, restriction endonucleases *Kpn* I and *Nhe* I, and PrimeSTAR HS DNA polymerase were from Takara (Kyoto, Japan). RIPA lysis buffer and BCA protein assay kit were bought from Beyotime Biotechnology (Shanghai, China). The protease inhibitor cocktail was from Roche (Basel, Switzerland). Cell Counting Kit-8 (CCK-8) was from Dojindo (Kumamoto, Japan). PGL3-basic vector, pRL-TK vector and Dual-Luciferase Reporter Assay System were from Promega (Madison, WI, USA). SiRNAs for LXRα, LXRβ, SOCS3 and control siRNA were synthesized by GenePharma (Shanghai, China).

HCC tissues and adjacent noncancerous specimens {#s4_2}
-----------------------------------------------

A total of 30 HCC tissues and the corresponding adjacent noncancerous specimens were obtained from Department of Hepatobiliary Surgery, Xinqiao Hospital, Third Military Medical University (Chongqing, China). Fresh indentified HCC tissue samples were collected and embedded by paraffin. The protocols for handling the HCC specimens were approved by the IBC (Institutional Biosafety Committee) and ethical committees of the Third Military Medical University. Written informed consent was provided to every enrolled patient.

Cell culture {#s4_3}
------------

Human HCC cell lines (HepG2, Hep3B, PLC, Huh7, smmc7721) and the relatively normal hepatic cell line L02 were originally tested and authenticated by American Type Culture Collection (Manassas, VA, USA) and passaged less than 6 months in the lab. Briefly, when the cells were grown to 80% confluence in 75 cm^2^ flask, the culture medium was removed and discarded, and then the cells were washed with PBS for two times. Thereafter, 2 ml 0.25% trypsin was added to the flask to disperse the cell layer. After that, 4 ml complete medium was added and the cells were aspirated by gently pipetting. Lastly, appropriate aliquots of the cell suspension were transferred to new flasks to cultivate. All the cells were cultured in DMEM medium containing 10% fetal bovine serum (FBS) at 37° in 5% CO~2~ incubator.

Immunohistochemistry (IHC) {#s4_4}
--------------------------

The specimens were harvested and then fixed in 4% paraformaldehyde overnight. Subsequently, the tissues were embedded in paraffin, and then cut at 5 μm thickness for histological analysis. Tumor sections were immunostained with Histostain-Plus Kits from Beijing Zhongshan Biotechnologies (SP-9000) according to the manufacture\'s instructions. Briefly, sections were treated with 3% H~2~O~2~ to block endogenous peroxidase, followed by the incubation with 0.1% trypsin for antigen demasking. Then the sections were blocked using 5% goat serum (Beijing Zhongshan Biotechnologies, SP-9000) for 30 min at 37°C, followed by the incubation with the indicated primary antibodies overnight at 4°C. After warming and cleaning, the sections were incubated with respective secondary antibodies for 30 min at 37°C. Lastly, the sections were counterstained with Alcian blue.

quantitative PCR (qPCR) {#s4_5}
-----------------------

Total RNA was extracted using RNA OUT reagent according to the manufacturer\'s instructions. After that, the first-strand cDNA was synthesized using reverse transcriptase M-MLV. qPCR was performed using 2×SYBR qPCR mix (Takara, Kyoto, Japan). Each amplification mixture (25 μl) contains 25 ng of cDNA, 1 μl of 10 μM primers and 12.5 μl of SYBR qPCR mix. Amplification is performed using the following conditions: 95°C for 5 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. The corresponding primer sets were listed as follows.

  Gene        Forward primer                  Reversed primer
  ----------- ------------------------------- -------------------------------
  *SOCS3*     5′-ATCCTGGTGACATGCTCCTC-3′      5′-GGCACCAGGTAGACTTTGGA-3′
  *β-actin*   5′-GTGAAGGTGACAGCAGTCGGTT-3′    5′-GAAGTGGGGTGGTTTTAGGA-3′
  *ABCA1*     5′-GAGAGGAGTCCCAGAGAAAGAAG-3′   5′-ACTACTGATCTCCCCTCCTTGAC-3′

Western blot {#s4_6}
------------

Cells or tissues were lysed, and then the protein concentrations were detected by BCA kit. After transferred to polyvinylidene difluoride (PVDF) membranes, the target proteins were separately detected by the primary antibodies including rabbit anti-SOCS3 (ab16030), mouse anti-LXRα (ab41902), rabbit anti-LXRβ (ab117881), rabbit ant-cyclinD1 (ab16663), rabbit anti-p21 (SC397), rabbit anti-p27 (CST2552), and mouse anti-Tubulin (AT819). The HRP labeled goat anti-rabbit and goat anti-mouse Ig G were used as secondary antibodies.

Si-RNA assay {#s4_7}
------------

HepG2 and Hep3B cells were separately cultured in 6-well plates overnight, and then the corresponding siRNA or control siRNA (si-NC) was transfected into the cells by lipofectamin 2000 according to the manufacturer\'s instructions. After 6 h, the transfection medium was removed and cultured in DMEM with 10% FBS for another 6 h. Subsequently, the cells were treated with LXR agonists or vehicle control for 24 h, and then the corresponding assays were performed. The sequences of siRNAs for targeted genes were listed as follows.

  target   siRNA sequence
  -------- -----------------------------
  LXRα     5′-GAAGAACAGAUCCGCUUGATT-3′
  LXRβ     5′-UGAGGAGCAGAUUCGGAAGTT-3′
  SOCS3    5′-CACCUGGACUCCUAUGAGATT-3′
  NC       5′-UUCUCCGAACGUGUCACGUTT-3′

Plasmid construction {#s4_8}
--------------------

HepG2 genome DNA was extracted using genome DNA extracting kit (TianGen, Beijing), then human *SOCS3* promoter region (−3000 to +28) was amplified by PCR with the oligonucleotides 5′-CGGGGTACCACAAATAAGGAAACCGAGGCA-3′ (forward primer) and 5′-CTAGCTAGCTAGCGGAGCAGGGAGTCCAAGT-3′ (reverse primer) using genomic DNA of HepG2 cells. After digested with *Kpn* I and *Nhe* I, the target amplified fragment was cloned into pGL3-basic vector, and the resulting recombinant plasmid was named as pGL3-SOCS3. The details were supplied in [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}.

Dual luciferase reporter assay {#s4_9}
------------------------------

After grown to 80% confluence in 96-well plates, HepG2 and Hep3B cells were transfected with pGL3-SOCS3 and pRL-TK plasmids using lipofectamin 2000 according to the manufacturer\'s instructions. Six hours later, the transfection medium was replaced by DMEM with 10% FBS and cultured for another 6 h. Then the cells were treated with 5μM LXR agonist or vehicle control DMSO for 18 h. Subsequently, the luciferase activity was determined and normalized according to the protocol of dual luciferase reporter assay system. Briefly, 50 μl/well Dual-Glo^®^ Luciferase Assay Reagent was added to the 96-well plate and incubated at room temperature for 10 minutes, then the firefly luminescence was measured with SpectraMax L Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at 570 nm. After that, 50 μl/well Dual-Glo^®^ Stop & Glo^®^ Reagent was add to the plate and incubated at room temperature for 10 minutes, then the renilla luminescence was detected with the above Microplate Reader at 470 nm. The ratio of firefly/renilla luminescence for each well was calculated, and then the test sample ratio was normalized against the control ratio. Each experiment was performed in triplicate.

CCK-8 assay {#s4_10}
-----------

HepG2 cells were cultured in 96-well plates overnight and then treated with vehicle control DMSO or various concentrations of LXR agonist TO901317 for 48 h. Subsequently, 10 μl/well of CCK-8 solution was added to the plate and incubated for 30 min at 37°C. The value of formazan dye generated by cellular dehydrogenase activity was measured for absorbance at 450 nm (OD450) by a microplate reader (Molecular Devices, Sunnyvale, CA, USA). The OD450 value of each well represented the survival of HCC cells. The OD450 value of test well was normalized with that of control well. Each experiment was done in triplicate.

Flow cytometry assay {#s4_11}
--------------------

The HCC cells were trypsinized and collected into centrifuge tubes. Subsequently, the cells were washed with phosphate-buffered saline (PBS) for 2 times, and then resuspended in 75% ethanol and fixed overnight at 4°C. Next, the cells were incubated with RNaseA (50 μg/ml) (Sigma, St Louis, MO, USA) in PBS at 37°C for 30 min. Thereafter, the cells were incubated with propidium iodide (PI, 50 μg/ml) at darkness for 10 min, and then the cell cycle was assayed by Flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).

Animal experiment {#s4_12}
-----------------

Four-week-old male nude mice were obtained from Beijing Huafukang Bioscience (Beijing, China), and housed and cared for under the regulations of the guidelines of the Animal Care and Ethics Committee of Third Military Medical University (Chongqing, China). One week later, 1×10^6^ HepG2 cells were subcutaneously injected into the right axilla of each nude mouse. When palpable tumors formed, the mice were randomly divided into two groups. One group was intraperitonealy injected soyabean oil and the other group was intraperitonealy injected TO901317 (25 mg/kg) for 2 weeks. After that, the mice were sacrificed and the xenograft tumors were harvested. The tumor volume was calculated using the formula of volume=width^2^×length×1/2. qPCR, Western blot and IHC were conducted to determine the mRNA and protein levels of the target molecule in the xenografts.

Statistic analysis {#s4_13}
------------------

The data were expressed as mean ± SD. One-way ANOVA and *t*-test were used to analyze the variance. *P* \< 0.05 was defined as statistically significant.
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